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Method for the protection of plants against pathogens 

The invention is directed at a method for the protection of 
plants against pathogens » also at a polynucleotide sequence 
5 comprising an avirulence gene (E) from a pathogen regulated by a 
pathogen inducible promoter, and at a polynucleotide sequence 
comprising a corresponding resistance gene (R) regulated by a 
pathogen inducible promoter, whereby said DNA-sequences can be 
used in said method. The invention is also directed at a plant 
10 obtained via said method. 

During evolution many fungi and bacteria that are pathogenic 
for plants have specialised in only one host species or sometimes 
even in one variety of said species. Thus pathogenic races can be 
found that colonise only certain cultivars of the host and do not 
15 colonise other cultivars. In the latter case the cultivars are 
resistant by means of a quick inducible defence mechanism. 

In order to carry out a successful colonisation of the plant 
the pathogen must evade, suppress or nullify the existing defence 
mechanism of the plant. In genetic terms the specific race cultivcu? 
20 interactions can be described by a gene-for-gene model, whereby a 
protein elicitor molecule (e) encoded by a pathogen avirulence gene 
(E) interacts with a receptor protein molecule (r) encoded by a 
plant resistance gene (R) and thereby induces the defence 
mechanism, which often becomes phenotypically visible as the 
25 hypersensitive response (HR): the local death of a few plant 
cells, which simultaneously destroys the pathogen (De Wit, I986) . 

The genetics of gene-for-gene interactions have been well 
described in the literature, especially the interactions between 
pathogenic fungi and plants (I.R. Crute, 1985), yet very little is 
30 known about the biochemical and molecular mechanisms { De Wi t , 
1987. Collinge and Slusarenko, 198?). 

A pathogen that does not possess the avirulence gene or a 
pathogen in which the avirulence gene is not expressed does not 
trigger the host defence system and subsequently a successful 
35 colonisation can occur: in this case the host plant is 
susceptible. 
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Various race specific avirulence genes have been cloned rrom 
various plant pathogenic bacteria, whereby virulent races have 
been transformed with genomic clones of avirulent races and were 
subsequently tested for avirulence on plant genotypes with the 
3 corresponding resistance gene (Staskawicz et al., *84, Staskawicz 
et al. '87. Shintaku M.W. et al., '89, Vivian et al. '80, Hitchin 
et al. *89}* This method of isolation of bacterial avirulence 
genes is however not applicable for fungal avirulence genes due to 
the low transformation efficiency and the lack of suitable cloning 

10 systems, such as cosmid vectors with a broad host range. The only 
fungus for which an efficient transformation system with an 
autonomously replicating vector has been determined is Ustilago 
maydis (Leong, 1989) . 

It has been found that plants can be offered a broad 

15 protection against pathogens by introducing a polynucleotide 
sequence comprising at least a sequence of a pathogen avirulence 
gene (E) encoding a specific elicitor protein molecule (e) or a 
portion thereof, into the genome of a plant containing a 
corresponding resistance gene (R) , and providing means for 

20 regulating the expression of scLLd genes in such a manner that 
simultaneous expression occurs only at the site of infection and 
induction of said simxiltaneous expression can be achieved by a 
broad range of pathogens. 

It is possible to introduce the above-mentioned 

25 polynucleotide sequence comprising at least a sequence of a 
pathogen avirulence gene (E) into a plant that contains resistance 
gene (R) that is at least expressed at the site of infection, 
putatively even constitutively in the whole plant. In this case the 
avirulence gene (E) must be regulated by a promoter that is 

30 induced by a pathogen and only permits expression at the site of 
infection, in order to avoid the induction of the hypersensitive 
response in the whole plant. 

The hypersensitive response is only permitted to be 
activated by a pathogen or an aspecific elicitor produced by a 

35 pathogen. The hypersensitive response must not or hardly be 
inducible by other exterior stimuli and should be restricted to an 
area surrounding the site of infection. Without these restrictions 
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the activation would resixlt in the virtual destzniction of the 
plant. 

It is also possible to introduce a resistance gene (R) 
corresponding to the avirulence gene (E) into a plant that does 
5 not already contain the corresponding resistance gene (R). This can 
be achieved via breeding or via genetic manipulation techniques. 

In the latter case it is possible to introduce a 
polynucleotide sequence comprising at least a sequence of a 
resistance gene (R) or a portion thereof, and a plant promoter (P) 
10 that can be induced by a broad range of pathogens and in such a 
manner that the product of resistance gene (R) is only expressed at 
the site of the infection. In this instance it is even possible for 
the avirulence gene (E) to be constitutively expressed even in the 
whole plant. It is also possible for gene (E) and gene (R) to be 
13 regulated by identical promoters provided they are strictly 
inducible at the site of the infection and only by a pathogen. 

In the above mentioned embodiments the pathogen-inducible 
promoter to be employed is required to: 

a) be induced by all or most of the plant's pathogens or 
20 aspecific elicitors produced by said pathogens; 

b) be virtually only inducible by pathogens and not or hardly 
inducible by other exterior stimuli; 

c) be only able to express the genes that are controlled by the 
promoter very locally and never systemically. 

25 In another embodiment of the invention gene (E) or (R) can 

be tissue specific and the other gene must be pathogen inducible 
at the site of the infection only in tissue for which the first 
gene is tissue specific. In this Instance it is for example 
possible to introduce a gene (R) that is expressed only in the 

30 roots of the plant and a gene (E) that is induced locally by a 
pathogen in the roots yet constitutively in other tissues, whereby 
protection against pathogens Is obtained for the roots. 

The avirulence gene (E) can be derived from a fungus, a 
bacterium, a virus or a nematode. An example of a plant pathogenic 

35 fxingus from which an avirulence gene can be readily derived is 
Cladosporlum fulvum . 

The resistance gene (R) can be used that is naturally 



wo 91/15585 4 PCr/NL91/00052 

present for example in a plant that is a member of cne family ox 
the Solanaceae, such as a plant of the species Lycopersicon 
esctilentum . It is possible to introduce this gene (R) into another 
member of the family of the Solanaceae by breeding. Said other 
5 member can either already contain the stringently regulated 
avirulence gene (E) or else said avirulence gene can be 
subsequently introduced into the plant via genetic manipulation 
techniques. The resistance gene (R) can obviously also be 
introduced via genetic manipulation techniques. 

10 The choice of the combination of avirulence gene (E) and 

resistance gene (R) as well as the promoters to be introduced into 
the plant, be it through breeding or genetic manipulation 
techniques, will depend on the plant variety that is to be 
protected and whether resistance gene (R) is naturally present in 

15 the plant. 

In the whole plant kingdom pathogen inducible plant 
promoters are known that are induced by a broad range of pathogens 
and by aspecific elicitors produced by these pathogens. Such plant 
promoters are also known that are only expressed very locally and 

20 never systemically. Nat ton and Brisson (I989) , for example describe 
the nucleotide sequence of a cDNA clone (pSTH-2) corresponding to 
mRNA sequences that specifically accumulate in potato after 
elicitation with nonspecific elicitors of P. infestans (Harineau et 
al., 1987). as well as a closely related clone, pSTH-21, that shows 

25 great similarity in amino acid sequence with the cDNA*clones 
corresponding to the elicitor and pathogen induced pathogenesis 
related proteins from the pea {^2%) (Fritensky et al., 1988) and 
parsley (37?^) (Somsisch I988). Matton and Brisson (I989) also 
describe the accumulation of mRNA's corresponding to said clones 

30 pSTH-2 and pSTH-21 in various potato tissues and in tomato leaves. 
Somsisch (I986) describes how the de novo synthesis of 
pathogenesis related (PR) proteins in cultured parsley cells can be 
achieved by treatment with fungal elicitor. In this system PR- 
protein synthesis is preceded by mRNA synthesis resulting from fast 

35 and temporary activation of the corresponding genes. Such 
activation is also observed with intact parsley plants upon fungal 
infection {Somsisch, I988) and is accompanied by massive yet local 
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accumulation of mRNA' around the infection sources. In general genes 
involved in the synthesis of phytoalexins are induced very locally 
in plants by various types of pathogens and their specific 
elicitors (Hahlbrock, H.and Scheel, D., 1989; Kuc, J. and Rush, 
5 J.S., 1985). 

One of the methods that can be used for the detection of a 
resistance gene (R) from a plant, whereby the product (r) of said 
gene shows interaction with a specific elicitor protein molecule 
(e) that is encoded by a pathogen avirulence gene (E) can be 
10 described as follows; in this method a specific elicitor protein 
(e) , a resistance gene product (r) and subsequently a resistance 
gene (R) are isolated with the aid of the product of an avirulence 
gene (E). In principle this method can be used for the isolation of 
any resistance gene product (r) and the encoding resistance gene 
15 (R) when the corresponding avirulence gene (E) and its product (e) 
are known. The method can be represented as follows; a cDNA-library 
of a plant containing the resistance gene (R) is made in an 
expression vector, whereby the product of (R). the receptor (r) is 
produced. A positive clone is detected in the cDNA-library by 
20 binding a specific elicitor protein molecule (e) to the receptor 
protein (r) . The binding (complexing of (e) to (r)) is made visible 
by providing (e) with a detectable label. This positive cDNA-clone 
contains the coding sequence for the resistance gene. The intact 
gene (R) can be detected with this cDNA-clone from the genomic 
25 library from the plant containing the resistance gene. With the aid 
of the cDNA or genomic clone a plant lacking the resistance gene 
can be transformed; positive transformants are screened for 
possession of the resistance gene by inoculation (contamination) 
with the appropriate pathogen. The cloned gene (R) can be 
30 introduced into plants via either genetic manipulation techniques 
or breeding. 

Alternatively the resistance gene (R) can be cloned by 
published methods of transposon tagging, chromosome walking and 
genomic substitution (Dickinson, M.D. et al, 1991). 
35 It is highly unlikely that pathogens will develop tolerance 

to a plant comprising the two components, i.e. gene (E) and gene 
(R) (the two component sensor system), obtained via the method 
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according to the invention, due to the use of aspecific inducible 
plant promoters, inducible by all pathogens, to induce the 
simultaneous local expression of the avizrulence gene (E) and the 
resistance gene (R). It is necessa^ for at least one of the 
5 promoters regulating either the avirulence gene (E) or the 
resistance gene (R) to be only inducible at the site of the 
infection, in order to avoid destruction of virtually the whole 
plant, which is obviously undesirable. 

As the two component sensor system according to the 
10 invention can be obtained with every combination of avirulence 
gene^resistance gene in any plant in which the avirulence gene and 
the resistance gene can be expressed, it is very broadly 
explicable against many if not all pathogens for the plant 
kingdom. 

15 The two component sensor system provides an excellent 

solution to reduce the use of the pesticides now frequently used 
against pathogens. In time this will make it possible to relieve 
the environment of a large part of these agents. 

By way of example, a description of the preparation of a two 

20 component sensor system according to the method of the invention 
is given. 



EXAMPLE 

An avirulence gene of Cladosporium fulvum (namely the avr9 
25 avirulence gene, that was previotisly referred to in the literature 
as A9) is applied as avirulence gene in combination with the 
corresponding resistance gene Cf9, that is naturally present in a 
tomato cultivar. This two component sensor system can at least be 
propagated by breeding into varieties of the genus Lycopersicon and 
30 a part of the Solanaceae family and can optionally be introduced 
via genetic manipulation techniques in said plants or in other 
families. Various fungally encoded race specific elicitor molecules 
have been identified that induce necrosis on tomato cultivars 
containing the corresponding resistance genes (De Wit and Spikman 
35 1982; De Wit et al. I985). Such a race specific elicitor molecule, 
the product of avirulence gene avr9, has been purified to 
homogeneity. The purified protein induced fast and local necrosis 
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upon Injection Into leaves of tomato genotypes containing the 
resistance gene Cf9. In genotypes containing other Cf -genes this 
did not occur. The amino acid sequence of the purified elicitor 
molecule was determined (Schottens-Toma and De Wit I988). The 
3 elicitor molecule was formed in all compatible interactions between 
tomato* C> fulvum involving races of fungi that were avirulent on 
tomatoes Cf9 genotypes, however at no single interaction involving 
races of fungi that are virulent on Cf9 genotypes (Scholtens-Toma 
et al. 1989). In order to detect the mRNA encoding the necrosis 
10 inducing protein, i.e. an elicitor protein, H oligonucleotide 
probes were synthesised derived from the amino acid sequence (Fig. 
1). The oligonucleotides contain either mixtures of nucleotides 
(such as in probe B) or inosines (such as in probe D) or a 
combination of both (such as in probes A and C). All four 
15 oligonucleotides were labelled at the 5**- terminus and hybridised to 
identical Northern blots containing identical amounts of poly (A) - 
RNA derived from healthy tomato plants, in vitro cultured C. fulvum 
and 3 different compatible tomato- C. fulvum interactions. Pig. 2 
shows that probe B specifically hybridised to a mRNA of 
20 approximately 600 nucleotides that was present in two compatible 
interactions namely: cultivar Cf^/race ^ (lane 3) and cultivar 
Cf5-race 5 (lane This mRNA was not found in tomato plants that 
were not infected (lane 1) or in C. fulvum cultivated in vitro 
(lane 2) . Neither was any hybridisation observed in the 
25 interaction of cultivar Cf5 with race 2.4.5.9.11 (lane 5). as 
could be expected for an interaction of a race that is virulent on 
tomato Cf9 genotypes. Thus it was concluded that probe B detected 
mRNA for the necrosis inducing protein. Probes A, C and D did not 
detect specific mRNA's as is shown in Fig. 2. 
30 Oligonucleotide probe B was used in a primer-extension 

experiment. The oligonucleotide was labelled at the 5 '-terminus 
and hybridised to equal amounts of poly (A) -RNA derived from 
compatible interactions of cultivar Cf5 with either race 5 or race 
2.4.5.9.11 (represented respectively in Fig. 1, lanes 4 and 5). 
35 The primer was extended with reverse transcriptase and the 
extension products were analysed on a PAOE-gel. Fig. 3 shows that a 
specific extension product was formed on poly (A) -RNA derived from 
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the interaction of ciativar Cf5/race 5 (lane !)• however not on 
poly(A)-RNA derived from the interaction of cultivar Cf5/race 
2,^. 5, 9. 11 (lane 2). The size of thfe extension product was 
a«>proxiiDately 270 nucleotides which indicated that avr9 niRNA 
5 possesses approximately 200 nucleotides for the sequence encoding 
the necrosis inducing protein. 

Poly(A)-RNA derived from the interaction of Cf5/race 5 
(represented in Fig. 2. lane ^) was used to prepare a cDNA library 
in lambda gtll. A library was obtained containing 100.000 

10 independent recombinants. Examination of filters containing 5000 
phages with terminally labelled oligonucleotide probe B, resulted 
in the isolation of two possible candidates, one that hybridised 
weakly (phage A9-1), and one that hybridised appreciably better 
(phage A9-2). Both phages were purified and the DNA was isolated. 

13 The phage DNA was labelled and hybridised to blots that were 
identical to the blot shown in Fig. 2. Phage A9-1 hybridised to an 
mRNA containing approximately 1^00 nucleotides and was present in a 
small amount in the three interactions between tomato and C.fulvum . 
This phage did not contain cDNA corresponding to the mRNA observed 

20 in Fig. 2 and was not analysed further. 

The labelled DNA of phage A9-2 hybridised with an mRNA of 
approximately 600 nucleotides that was only present in the 
compatible interactions of cultivar Cf4/race 4 and cultivar 
Cf5/race 5 i.e. in a pattern corresponding to the hybridisation 

25 observed with oligonucleotide probe B. Therefore phage A9-2 
contained a copy of the mRNA encoding the necrosis inducing 
protein . The cDNA present in phage A9*2 was subcloned and the 
sequence was determined. The insertion had a length of k03 base 
pairs and corresponded to the 3' "terminus of the mRNA including a 

30 poly (A) -tail of 20 nucleotides. The insertion encoded the Whole 
sequence of the necrosis inducing protein and weis contained within 
a longer open reading frame. It was estimated from the position of 
the oligonucleotide probe B in the DNA sequence and the size of the 
primer extension product that the insertion of clone A9-2 lacked 

35 approximately 110 base pairs at the 5 '-terminus of the mRNA. In 
order to obtain a full length cDNA-clone the cDNA-library was 
examined again with a labelled RNA-probe containing 70 nucleotides 
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of the 5* -terminus of the insertion of clone A9-2. Three different 
phages A9-3. A9-5 and A9-8 were obtained and their insertions were 
subcloned and sequenced. The sequence of the three clones was 
completely identical to the sequence of clone A9-2 in the 
5 overlapping regions. The H clones contain poly (A) -tails commencing 
at different positions in the sequence. It was derived from the 
primer extension experiment shown in Fig. 3 that the largest clone 
(A9-3) lacked approximately 35 nucleotides. Therefore a new primer 
was designed that hybridised at position 75-100. This primer was 
10 used in a primer extension experiment on poly(A)-RNA in the 
presence of dideoxynucleotides • This RNA-sequence led to the 
addition of another 24 nucleotides in front of the insertion of 
A9-3* Other final products were observed that were 5*20 
nucleotides longer than the major extension product. The yarious 
15 final products of the primer extension were not caused by 
degradation of mRNA, as one extension experiment with a primer for 
a different mRNA provided only one discrete extension product with 
the correct size. The sequence of the avr9 cDNA and the structure 
of the corresponding cONA-clones is shown in Fig. 4. The isolation 
20 and characterisation of the cDNA-clones revealed that the necrosis 
inducing protein is formed as a precursor protein of at least 63 
amino acids. Surprisingly the DNA sequence revealed an additional 
histidine codon at the C-terminus of the sequence of the mature 
elicitor molecule. It has previously been described that the 
25 elicitor molecule had a length of 2? amino acids (Scholtens-Toma 
and De Wit, 1988). Re-examination of the protein sequence data, 
however, confirmed the presence of an additional histidine residue 
at position 28. This residue had been overlooked during the 
original analysis of the protein sequence due to a low signal 
30 obtained with this amino acid. The molecular wei^t of the mature 
avr9 elicitor protein molecule is 3189 Dalton. 

A genomic clone of the avirulence gene avr9 has been 
isolated from a genomic library {in vector lambdaEMBL3) of race 5 
of C. fulvum using the cDNA clone A9-2. Sequence analysis revealed 
35 & 59 base pair intron, a putative TATA-box and several repeats in 
the proi90tcr and terminator region. Stable transformants of race 
2. 4. 5 •9^ 11 were obtained with the genomic clone after co- 
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transforoatlon with pAN7 (hygromyclne resistance). The wild type 
race 2.^1.5.9.11 is virulent on Cf9 genotypes of tomato but the 
transf ormant was not • This aeans that cultivar specificity of 
these transformants was converted phenotypically from virulent to 
5 avirulent on Cf9 genotypes, indicating that the avirulence gene 
avr9 has changed the genotype of race 2.4.5.9.11 into that of race 
2.4.5.11. This experiment proves that avirulence gene avr9 is 
indeed the causal inducer of resistance in combination with the Cf9 
resistance gene. Hence, it can be concluded that locally 
10 simultaneous expression of an avirulence gene (E) and a 
corresponding resistance gene (R) in a plant gives rise to local 
necrosis . 
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CLAIMS 

1. A method for the protection of plants against pathogens, 
5 wherein a polynucleotide sequence comprising at least a sequence 

of a pathogen avirulence gene (E) encoding a specific elicitor 
protein molecule (e) or a portion thereof is introduced into the 
genome of a plant containing a corresponding resistance gene (R), 
in which genes (E) and (R) are regulated in such a manner that 
10 expression of said genes is only simultaneous at the site of 
infection and said simultaneous expression can be induced by a 
broad range of pathogens. 

2. A method for the protection of plants against pathogens, 
wherein a polynucleotide sequence comprising at least a sequence 

15 of an avirulence gene (E) of a pathogen encoding a specific 
elicitor protein molecule (e) or a portion thereof and a 
corresponding resistance gene (R) , are introduced into the genome 
of a plant, in which genes (E) and (R) are regulated in such a 
manner that expression of said genes is only simultaneous at the 

20 site of infection and said simultaneous expression can be Induced 
by a broad range of pathogens. 

3. A method according to claim 1 or 2, wherein the 
simultaneous expression at the site of infection is achieved by 
introducing into the genome of the plant, already containing a 

25 gene (R) : . 

- a corresponding avirulence gene (E), under the control of a 
promoter (P) in which said promoter (?) can be induced by a broad 
range of pathogens, and permits expression of the gene (E) only at 
the site of infection. 

30 4. A method according to claim 2. wherein the simultaneous 

expression at the site of infection is achieved by Introducing 
into the genome of the plant: 

- an avirulence gene (E), under the control of a promoter which 
permits expression at least at the site of infection, and 

35 - a corresponding resistance gene (R) , under the control of a 
promoter (?) in which said promoter (?) can be induced by a broad 
range of pathogens, and permits expression of gene (R) only at the 
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site of infection. 

5* A method according to any of claims 1*4, wherein the 
promoter P is selected from a member of the family Solanaceae. 

6. A method according to claim 3t wherein the promoter is 
3 selected from a member of the genus Lycopersicon or Solanum. 

7« A method according to any of claims 1-6, wherein 
avirulence gene (E) is derived from a plant pathogenic fungus. 

8. A method according to any of claims 1-6, wherein 
avirulence gene (E) is derived from a plant pathogenic bacterium. 
10 9» A method according to any of claims 1-6, wherein 

avirulence gene (E) is derived from a plant parasitic nematode. 

10. A method according to any of claims 1-6, wherein 
avirulence gene (E) is derived from a plant pathogenic virus. 

11. A method according to claim 7» wherein avirulence gene 
15 (E) is derived from Cladosporium fulvum . 

12. A method according to claim 11, wherein the avirulence 
gene (E) is avr9 or a portion thereof. 

13- A method according to claim 12, wherein avirulence gene 
avr9 comprises the nucleotide sequence as represented in figure 4. 

20 

1^ . A method according to any of claims 1-13 1 wherein 
resistance gene (R) is naturally present in a plant that is a 
member of the family of the Solanaceae . 

15. A method according to claim 14, wherein resistance gene 
25 (R) is naturally present in a plant of the species Lycopersicon 

esculentum . 

16. A method according to claim 15, wherein the resistance 
gene (R) is Cf9. 

17. A polynucleotide sequence comprising at least a sequence 
30 of an avirulence gene (E) from a plant pathogen encoding a 

specific elicitor protein molecule (e) or a portion thereof, and a 
plant promoter (P) that can be induced by a broad range of 
pathogens and which permits expression at the site of infection 
only, 

35 18. A polynucleotide sequence comprising at least a sequence of 

a resistance gene (R) and a plant promoter (P) that can be induced 
by a broad range of pathogens and which permits expression at the 
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site of Infection only. 

19. A plant obtained using a method according to any of the 
claims 1-16« 

20. A plant comprising a polynucleotide sequence according 
5 to claim 17 or I8. 
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2IU 

f i g - (5 

Oligonucleotide hvbridisatie 




1 = Non infected tomato 

2 = In vitro cultured C fulvum 

3 = Cultivar CfA / race U 
U = Cultivar Cf 5 / race 5 

5 = Cultivar Cf5/ race 2.A.5.9.11 
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fig-2i 

PolyARNA extension products 
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1 = PolyARNA of Cf5/ race 5 

2- PolyARNA of Cf5/ race 2.^.5.9.11 



wo 91/15585 



I>Cr/NL91/00052 



fig -4 



Sequence of ovrQmRNA and the struciureof the corresponding 

cDNA clones 

— hybridisation primer Po'y(A) 
322 4aZ.IAn) ^g.j 

A9-3 



32 



(An) 

441 (AnJ 

RNA sequence primer 

KKLSLL8VELA 

L L I A T T L PL CNAAALPV6L6 

121 CTCTan^AATTQCTflCTACTCTDOOfiCTrraCT^^ jBO 

VGL0YCNBBCTRAFDCL6QC 

IBl GAGTCbmjIflGflCTACIblAflCTPW b l Ib l / H L IABaZ L I I Li^iUi i i ^j^ ^j flffr 240 
•••••• 

6RC0FHKLQCVH* 

241 GTSQOfl6ATaa3flCmC3ATAflGCTACAAT(n^^ 300 

361 f^fifiO0fiGECf^^fiGfiaB^^ 420 
421 fiCfikt iu,r luATATTCAAGGCI 1 1 lUJILmTflGTTTtTOV^TGTGCTGDMGDGM 480 
461 fi£3CX»fiC 467 
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